Abstract Considering the recent developments of the pulsed laser in the femtosecond domain, the possibility of conceiving a new laser assisted Tomographic Atom Probe has been nvisaged. The instrument is able to map out the 3D distributions of the atomic positions in a
Introduction
The 3D Atom Probe is the only material analysis technique able to give a 3D virtual image of the analyzed atoms with a near-atomic spatial resolution in a volume smaller than 1 m 3 [1, 2] . Such a capability could make the 3DAP a key tool in the development of nano-electronics. Indeed, since the performances of microelectronic technology relies on the size of single semiconductor device, it is necessary to analyze the distribution of the doping species in 3D and with a spatial resolution better than a nanometer. The 3DAP seems to be the only relevant analysis technique to solve these problems.
In 3DAP, the tip-shaped sample is ablated atom per atom by the effect of a high electric field at the surface submitted to a superposition of a standing high voltage (DC) and high voltage pulses (HV) [2] . The accepted way of calling this process is field evaporation. The radius of curvature R of the tip is electrochemically sharpened to between 30 and 100 nm. The nature of the emitted ionized atoms is determined by Time of Flight Mass Spectrometry (TOF-MS). These atoms are received by a Position Sensitive Detector (PSD). The arrival positions of atoms are directly linked to their original positions at the surface, enabling the 3D reconstruction of the probed volumes after analysis. Atom Probe in ma pulses are used, sa not well-adapted to the analysis of semiconductors. The use of HV pulses has also several disadvantages in atom probe application. Indeed, due to the voltage variation, emitted ions have a large spread in energy degrading significantly the mass resolving power of the instrument. Furthermore, the application of HV pulse gives rise to a high mechanical stress to the apex of the sample [2] . This stress makes the analyses of brittle materials very difficult and sometimes impossible. the field evaporation in Pulsed Laser Atom Probe (PLAP) is generated by the fast voltage had to sed in an Atom Probe. Using a nt used in this study is a conventional Tomographic Atom Probe UHV-chamber with a flight length . The tip can be cooled down to 20 K using a cryogenerator. The experiment is vacuum (~10 -9 Torr). The PSD used consists in a chevron stack of micro hannel plates (MCP) associated with a phosphor screen and a CCD camera. This type of detector itivity mass spectrometry with position sensing. The time of flight is mpacts onto this detector. The image transfer function (tip-detector) is generally assumed to be a sim point projection. As the material is evaporated layer by layer, a 3D reconstruction of the analyzed volume can be made. The third co-ordin the depth along the tip axis, is deduced from the number of evaporated layers. More details may be found in reference [2].
The s-pulse laser
In laser assisted APT, the HV pulses are replaced by a laser beam that hit the apex of the tip. The laser beam was slightly focused onto the tip using a plano-convex 25cm lens. The spot diameter was set to ~ 0.5 mm. In order to obtain optimal conditions the polarization must be aligned with the tip axis. In fie n as the larization on Nevertheless, in the late seventies TSONG et al. have shown that it was possible to use laser pulses to analyze materials in particular semiconductor materials [5, 6] . In contrast to classical HV pulses evaporation, temperature rise due to a sub-nanosecond laser pulse used to ablate surface atoms. As a consequence, the temperature variation of the tip surface generates atom migrations, since diffusion is thermally activated. The very good spatial resolution of the Atom Probe is thus degraded. Moreover, the amount of energy deposited on the specimen is difficult to control. To compensate, the standing be high, leading to the preferential evaporation of the species of lowest evaporation field, preventing from using this kind of Atom Probe with alloys. The idea of using shorter laser pulses was already proposed, but only the recent developments of femtosecond lasers made us think about conceiving a new laser assisted Atom Probe. The femtosecond duration of the laser pulses is shorter than the electron-phonon coupling time, usually of the order of a few tens of picosecond at the cryogenic temperature u femtosecond laser would therefore enable us to overcome the earlier PLAP shortcomings. The first experiments were carried out using an amplified femtosecond laser system from the society "Amplitude Systèmes" called s-pulse.
Basic principles of the Tomographic atom probe
The instrume of ~ 50 cm performed under ultra-high c combines single atom sens measured using the HV pulse start time and the stop time obtained from the signal produced by the ion striking the MCPs. Since both signals are extremely fast, a time resolution of less than 1 nanosecond with time-of-flights of several microseconds can be reached.
Needle shaped samples for atom-probe analysis were prepared by electropolishing thin bars or thin wire of the bulk metal. The end radius (below 100 nm) and the shank angle of tips are controlled using transmission electron microscopy. In both laser mode and HV mode, the standing voltage applied to the tip has to be set ~20% below the threshold of evaporation in order to avoid preferential evaporation of low evaporation field species.
The positions of the atoms at the specimen surface are deduced from the co-ordinates of ions i ple ate, namely deed, the sharply pointed shape of the specimen gives rise to a strong enhancement of the electric ld polarized along the shank. The electric field enhancement seen is well-known in near-field optics dimensions of the sample are sub-wavelength [7, 8, 9] . The effect of the po as soo the evaporation rate has been discussed in ref [10] .
A diode-pumped femtosecond amplifier laser using Ytterbium doped crystals was used. This AMPLITUDE SYSTEMES s-Pulse laser offers a high energy per pulse (up to 100 J) and a tuneable repetition rate of up to 10 kHz. The pulse duration does not exceed 400 fs with a wavelength of 1030 nm. The intensity of the laser beam is tuneable using a half-wave plate associated with a polarizer. of alloy
Metallic sample analyses
Analyses were conducted on different kinds of metallic specimens. Since metallic specimens are easily analysed in HV mode, it is thus possible to compare the results obtained with the two modes. In this paper, we present the data sets obtained on an Al-based alloy from the 6xxx series (this type contains a small amount of Mg and Si), and on a W specimen. A comparison of two Al-based analyses is shown in figure 2 . In both cases, the presence of needle shape '' precipitates are observed. These precipitates, a few nanometres in diameter, are composed mainly of Mg and Si atoms. The presence of these '' precipitates are known to improve significantly the mechanical properties of such type of materials. As observed experimentally, there is no major shape, size or atomic density differences between HV mode
Oxidized iron analysis
Because the laser is directly applied to the apex of the specimen, the technique is not restricted to good conductive materials. For instance, the technique can be applied to oxides.
An iron tip was maintained 15 min at 500°C under U 4.10 -5 Torr). The partial pressure of oxygen in th these conditions, the surface of the tip is transform o have a high resistance. As a result, the mass experiment of these type of materials is rather surface of poorly conducting materials presents inhom of a few atoms, or even to tip rupture. This speci figure 3 presents the 3D reconstruction of the probed composed of an oxidized layer of iron. Note the that the spatial resolution approaches the lattice resolution. This poorly conducting material shows that there is no di semi-conductor or an insulator.
The first work to apply femtosecond laser pulses on er has been performed last year. The showed that the evaporation is not thermally activated under femtosecond laser HV conditions (base pressure in the range 2 to e chamber is estimated to be several 10 -6 Torr. Under in an oxide cap. This type of materials is known t resolution in conventional HV pulsed atom probe low. Moreover, the electric field generated at the ogeneities leading to the evaporation of clusters men was analyzed using laser assisted APT. The volume. The first 50 nm of this volume is found presence of atomic planes in the volume indicating very first experiment obtained on a fficulty in applying the atom probe technique to a
Conclusion
a field emitt first experiments illumination. The next generation of atom probe (the Laser Assisted Wide Angle Tomographic Atom Probe currently under development by CAMECA) will combine the excellent performances and reliability of the s-pulse laser with a new UHV chamber and detector. The spatial resolution of this new instrument approaches the atomic resolution with a high mass resolving power. This new instrument will be applied in materials science to obtain quantitative measurements of the local composition in both conductive and non-conductive materials.
